We propose and experimentally demonstrate a novel scheme to generate optical frequency-locked multicarrier by using a recirculation frequency shifter (RFS) loop based on multifrequency shifting single-sideband (MFS-SSB) modulation with improved tone-to-noise ratio (TNR) performance. Theoretical study shows that we can generate N subcarriers for each round trip without interference by using MFS-SSB, and the recirculation times are reduced to 1/N of the regular scheme based on single-frequency shifting single-sideband (SFS-SSB) modulation. Finally, the double-frequency shifting SSB modulation is carried out for demonstration in our experiments with a double-carrier source from double ECLs and single ECL with carrier suppression. Using this scheme, we successfully generate more than 95 frequency-locked subcarriers with 15-GHz frequency spacing and TNR larger than 25.3 dB and 23.3 dB, respectively. Compared with the results of a regular SFS-SSB scheme, more subcarriers with improved TNR (10 dB and 8 dB for the 95th subcarrier) are obtained.
dense wavelength multiplexing (CoDWDM) with polarization-division multiplexed (PDM) QPSK [3] , [4] and optical orthogonal frequency-division multiplexing (OOFDM) with different modulation formats [5] [6] [7] [8] [9] [10] [11] [12] [13] . Generally, there are several methods to generate multicarrier optical source including the optical frequency comb or supercontinuum technique [1] , [2] , [13] , the cascaded phase modulator and intensity modulator [4] , [5] , [19] , recirculation frequency shifter (RFS) loop based on SSB modulation with I/Q modulator [6] [7] [8] [9] [10] , [20] and phase modulators [11] , [21] . Recently, a 5.4-Tb/s OFDM PDM-QPSK optical signal has been generated by comb generation or supercontinuum technique [13] . However, due to the limited optical-signal-to-noise ratio (OSNR) of the OFDM optical signal generation by supercontinuum technique, the transmission distance is quite limited. Also, a 1.96-Tb/s optical OFDM signal is reported by using multicarrier generated by cascaded modulators [7] . However, only 21 subcarriers (25-GHz spacing) with flat spectrum amplitude [7] are generated due to the limited amplitude of the RF signals on the phase modulator. The last two schemes based on RFS have the advantage of flexible controlling and accurate frequency spacing of generated subcarriers and have been investigated theoretically and experimentally [20] , [21] .
In previous work [21] , we use phase modulators in RFS loop to generate more than one subcarrier each time. However, it is not so stable due to the strong interference of double-sideband multicarrier generated each round in the loop. RFS loop based on regular single-frequency shifting SSB (SFS-SSB) modulation with only one side frequency shifting can avoid this kind of interference [20] . However, only one subcarrier is generated each time, and the number of subcarriers generated by single RFS loop based on SSB modulation is limited due to the tone-to-noise ratio (TNR) penalty caused by noise accumulation round by round (only 50 subcarriers are generated with TNR larger than 20 dB) in [20] . If we can generate more than one subcarrier (N subcarriers) each time in one side, the recirculation times can be reduced to 1=N of the regular SFS-SSB schemes in [20] . In this way, it is believed that more subcarriers with improved TNR performance can be obtained. Also, the interference of double-sideband multicarrier can be avoided compared with [21] . In previous work [22] , we have demonstrated the feasibility of this novel scheme with better TNR performance based on double-frequency shifting.
In this paper, we extend our study by both theoretical analysis and experimental demonstration on this novel scheme to generate optical frequency-locked multicarrier by using RFS loop based on MFS-SSB modulation with improved TNR performances. Theoretical study shows that by reducing the round trip times using multifrequency shifting scheme, the impact of both ASE noise and crosstalk can be reduced. In this way, the overall effective TNR performance is improved. Finally, the double-frequency shifting SSB modulation is carried out for demonstration in our experiments. We also extend our work with double-carrier source from both single ECL and double ECLs. Using this scheme, we successfully generate more than 95 frequency-locked subcarriers with 15-GHz frequency spacing and TNR larger than 25.3 dB and 23.3 dB, respectively. Compared with the results of a regular SFS-SSB scheme, more subcarriers with improved TNR (10 dB and 8 dB for the 95th subcarrier) are obtained, which shows that this scheme has great potential in future Tb/s communications. Fig. 1(a) and (b) shows the schematic configuration of optical frequency-locked multicarrier generation by RFS loop based on regular single-frequency shifting SSB (SFS-SSB) modulation and our proposed multifrequency shifting SSB (MFS-SSB) modulation in I=Q modulator, respectively. The configuration of the RFS loop consists of an injection source, one I=Q modulator for frequency shifting, a polarization-maintaining optical coupler (PM-OC), an EDFA amplifier to compensate the loop loss, a polarization controller, and a bandpass filter with appropriate band to control the subcarriers number. Here, the I=Q modulator is used for frequency shifting based on single-sideband modulation (SSB). For single-frequency shifting case, single-carrier source is used with single-frequency RF signal at f S Hz. The structure of our proposed scheme is similar; however, an N-carrier source and a Nf S Hz RF driven signal are used for multifrequency shifting. The other components in the loop are same for these two schemes.
Principle of Multicarrier Generation by RFS Loop Based on MFS-SSB

Principle of Multicarrier Generation Based on Regular RFS Loop
For regular single-frequency shifting SSB (SFS-SSB) case, the I=Q modulator is driven by two same frequency RF sinusoidal signals with a fixed phase difference of þ=2 or À=2 represented as V I ¼ RV sinð2f s t Þ and V Q ¼ RV cosð2f s tÞ through I and Q ports, respectively. Assuming the injected CW light represented as E c ¼ E o expðj2f 0 t Þ, the transfer function of I=Q modulator of SSB modulation can be expressed as [20] 
where R is the modulation index, and f S is the driven RF signal frequency. We can see that the power of each harmonic sideband is determined by the modulation index R, and the dominant undesirable frequency shifting harmonics sidebands are mainly within the third harmonic. Considering the RFS loops, the output signal after the optical coupler is coupled in and recirculating back into an EDFA amplify to compensate the losses in the closed loop. The transfer function considering EDFA and SFS-SSB modulation for each round trip can be expressed as
where g r is the EDFA amplify gain, r is the phase delay for each round, and the expðÀ r Þ represents the total insertion losses in the loop for each round trip. Assuming all the insertion losses and the modulation loss are compensated by EDFA with g r ¼ expða r ÞJ 1 ðð=2ÞRÞ À1 , the final output of RFS loop based on SFS-SSB is
where K is the effective round trip time or number for stable output which is limited by the bandwidth B of bandpass filter or EDFA gain band in the loop and we have K ¼ B=f S .
Principle of Multicarrier Generation Based on Proposed Multifrequency Shifting Loop
For multifrequency sifting SSB and RFS loop, N-carrier source and RF sinusoidal driven signals at Nf S Hz are needed. The N-carrier source has N subcarriers with equal power, and the frequency spacing is f S Hz, which can be expressed as where f 0 is the optical frequency of the first subcarrier. In practice, this N-carrier source can be N CW laser sources or N subcarriers generated by one CW source. In the loop, the I=Q modulators is driven by two same frequency RF sinusoidal signals at Nf S Hz with a fixed phase difference of þ=2 or À=2 through I and Q ports for MFS-SSB modulation. In this way, as shown in (1), we can generate N subcarriers with f S Hz carrier frequency spacing at one time in one sideband, and the shifting frequency spacing is just Nf S Hz after the I=Q modulator expressed as
Fig . 2 shows the principle of multicarrier generation based on multifrequency shifting loop. After the I=Q modulator with MFS-SSB modulation, the new generated subcarriers are with Nf S frequency shifting from the injected source carriers. In this way, we can have 2N subcarriers after the first round trip at the port of optical coupler with the N source carriers. The new generated N subcarriers with the N source carriers are split to two branches, one coupled out and the other recirculating back to the input of the optical I=Q modulator. It worth noting that there is no interference between the original source subcarriers and the new generated subcarriers due to the frequency shifting. Round by round, the RFS loop can generate more subcarriers. The output signal after the optical coupler is coupled in and recirculating back into an EDFA to compensate the losses in the closed loop. The transfer function considering EDFA and MFS-SSB modulation for each round trip can be expressed as
In this way, assuming all the loss is compensated as in (3), the output after the first round which is the frequency shifted signal coupled with the source carriers can be expressed as
Then, after the second round trip, the output signal after coupling the source carriers can be expressed as In this way, the final output for RFS loop based on MFS-SSB modulation after stable running can be expressed as
where M is the effective round trip time or number for stable output which is also limited by the bandwidth B. The number of round trip for total output is M ¼ B=Nf S . We can see that, for regular SFS-SSB, only one subcarrier is generated at one time, and the effective round trip number is K ¼ MN ¼ B=f S . In this way, the recirculation times are reduced to 1=N of the regular scheme as M ¼ K =N.
Analysis on ASE Noise and Crosstalk With Simulation Results
Note that the crosstalk from undesired tones and the ASE noise are not considered in above equations and analysis. As analyzed in [20] , the ASE noise along with the crosstalk of the total output signal is accumulated round by round which is significantly determined by round trip time m and gives a TNR penalty especially to high orders subcarriers. For regular SFS-SSB modulation RFS loop as analyzed in [20] , the impact of ASE noise on TNR can be expressed as
where P out is the output power of EDFA, NF is the noise figure (in dB), L total is the total loss in the loop, and k is the order or number of generated subcarrier which is equal to the effective round trip number based on SFS-SSB for stable output. Also, for the dominant crosstalk from the third harmonic as analyzed in [20] , the impact of crosstalk on TNR can be expressed as
where b is the normalized crosstalk coefficient. In this way, the overall effective TNR can be expressed as [20] TNR eff (dB) ¼ À10lg 10
In our proposed scheme based on MFS-SSB, the round trip number for total subcarriers generation is reduced to 1/N of the regular SFS-SSB scheme. In this way, it is believed that, more subcarriers with improved TNR performance can be generated based on our scheme. For MFS-SSB scheme with N-carrier source, the round trip time will be reduced to 1/N to the regular SFS-SSB scheme. Therefore, the impact of ASE and third harmonic crosstalk on TNR can be changed as
where ceilðX Þ rounds the element of X to the nearest integers toward infinity. We can see that, by applying MFS-SSB modulation, the ASE noise and harmonic crosstalk can be reduced. Equations (11) and (12) are a new finding for multifrequency shifting RFS loop which shows the TNR improvement by reducing the impact of both ASE noise and crosstalk with frequency shifting times N. Numerical calculation and simulation results of multicarrier generation are shown in Figs. 3-6 deduced by above equations. Here, in our numerical simulation, the linewidth of CW light is set at 1 MHz, and theI=Q modulator are identical with an extinction ration of 50 dB. The output power P out of EDFA is set at 25 dBm (the saturation power), the total loss including the optical coupler (3 dB) and I=Q modulation loss (16.2 dB for modulation index at 0.2) is 19.2 dB. The noise figure NF is set at 4 dB. The bandwidth of bandpass filter B is set at 100 fs, and the total subcarrier number K is limited by 100. For SSB modulation, Fig. 3 shows the normalized power ratio of main sidebands ðP 1 ; P À3 ; P À1 Þ to the center carrier ðP 0 Þ as well as the power ratio of first positive subcarrier ðP1Þ to the other undesirable tones (representing as P 1 À P un ) varying with the modulation index R from 0 to 1.5 when the phase difference is fixed at þ=2 according to (1) . We can see that, the power ratio of P 1 to P 0 increases with the modulation index which means more power is transferred to the first negative sideband from center carrier. However, the power ratio of the other undesirable sidebands to the center carrier also increases as shown as in Fig. 3 , especially for the third order harmonic sideband P À3 which is the dominant undesirable sideband. The power ratio of first negative sideband to undesirable sidebands goes down when modulation is larger than 0.3 which shows that there is a tradeoff for high power ratio of SSB modulation. In this way, the optimal modulation index should be around 0.2 $ 0.3, where we have the largest power ratio of the first sideband to the undesirable sidebands. Fig. 4(a) shows the calculated overall effective TNR as a function of subcarrier number for different frequency shifting schemes under the influence of ASE noise and crosstalk, including the regular SFS-SSB ðN ¼ 1Þ, 2-carriers MFS-SSB (with double-frequency shifting N ¼ 2), 3-carriers MFS-SSB (with triple-frequency shifting N ¼ 3) and 4-carriers MFS-SSB (with quadruplicatedfrequency shifting N ¼ 4). Here, the total subcarrier number is set at 100. We can see that the TNR performance for each subcarrier is improved with MFS-SSB schemes. More times frequency shifting with more carriers seed source injection gives better performance. Fig. 4(b) shows the calculated effective TNR for the 100th subcarrier varying with the frequency shifting times N from 1 to 6, under the influence of ASE noise and crosstalk. Here, 1 is the regular SFS-SSB scheme. We can see that, although the TNR is better for larger frequency shifting times N, the incensement with N is getting small and small. Also, more times frequency RF driven signal is required to drive the I=Q modulator with more carriers source for injection. Therefore, there is a tradeoff between the TNR performance and the complexity of the scheme. Fig. 5 (a) and (b) show the calculated power spectrum of optical signal before and after the I=Q modulator for regular single-frequency shifting and double-frequency shifting ðN ¼ 2Þ, respectively. Here, one carrier source is used as marked as center carrier in Fig. 5(a) , and the driven RF signal is at f S Hz. We can see that, the generated subcarrier is frequency shifted by f S Hz at the right sideband. In Fig. 4(b) , double-frequency shifting ðN ¼ 2Þ is used with double-carrier source, and the driven RF signal is 2f S Hz. The carrier spacing of the double carriers is f S Hz. We can see that, double subcarriers are generated with 2f S Hz frequency shifting, and the carrier spacing is also f S Hz as analyzed in (4) . Also, the third harmonic sideband is the dominating undesirable sideband as analyzed in (1) . Fig. 6 (a) and (b) shows the calculated power spectrum of multicarrier generated by RFS loop based on SFS-SSB modulation and MFS-SSB modulation (double-frequency shifting is used), respectively. In our numerical simulation, the EDFA used here are ideal gain controlled with fixed flat gain shape. Additionally, the amplifier corrupts the output signal by added amplified spontaneous emission (ASE) noise. The noise figure (NF) is set at 4 dB. All the losses are compensated by the EDFA, and the bandwidth of bandpass filter is set at 100 f S Hz to obtain 100 subcarriers. We can see that, 100 subcarriers with carrier spacing at f S Hz can be obtained by both scheme; however, the noise level is different. The MFS-SSB scheme shows better TNR performance compared with SFS-SSB scheme.
Experimental Results
Three multicarrier generation experiments are carried out in this section to demonstrate the proposed MFS-SSB scheme for multicarrier generation and comparison with the regular SFS-SSB scheme. In Section 3.1, the regular scheme of RFS loop based on SFS-SSB with single-carrier source is carried out for multicarrier generation. In Sections 3.2 and 3.3, double-frequency shifting SSB modulation is used in the RFS loop with different double-carrier source for multicarrier generation. Two independent ECLs with equal output power and 0.36-nm carrier spacing are used as double-carrier source in the second experiment in Section 3.2. However, in Section 3.3, the doublecarrier source used in the third experiment is generated from one ECL by carrier suppression with an intensity modulator.
Multicarrier Generation Based on Regular SFS-SSB Modulation
For regular SFS-SSB scheme in Fig. 7 , the CW light from an ECL is injected into the loop as the seed source at 1553.74 nm, and the linewidth of the ECL is less than 100 kHz. The I=Q modulator (insertion loss of 7 dB) used here is for SFS-SSB modulation, and the bias of each arm of I=Q modulator is fixed at half-wave voltage. Noting that, the RF clock frequency here is 15 GHz. One phase shifter is used before Q port for =2 phase shifting. In this way, frequency-locked multicarrier with 15-GHz frequency spacing are generated. The polarization-maintaining optical coupler (PM-OC) is with the insertion loss of 3.1 dB and coupling ratio of 50 : 50. To compensate the losses in the loop, we use one EDFA in each loop. The output power of EDFA is 23 dBm.
For regular SFS-SSB scheme, Fig. 8(a) shows the optical spectrum after SFS-SSB modulation when the RFS loop is open. The center carrier and the generated sideband with 15-GHz frequency shifting are marked out. Fig. 8(b) shows the optical spectrum of generated subcarriers by closed RFS loop based on SFS-SSB modulation. Due to the nonflatness and the influence of ASE noise as well as the crosstalk, the flatness of the generated tone spectrum is worse as tone number K increases. The TNR decreases sharply with number of generated subcarriers which is significantly determined by the round trip number. Only about 57 subcarriers are generated with TNR larger than 20 dB from 1553.74 to1560.55 nm. Fig. 9 shows the experiment setup for multicarrier generation based on MFS-SSB modulation with double ECLs and double-frequency shifting. Here, the double ECLs at 1553.39 nm and 1553.75 nm with equal output power are used as the double-carrier source. In the RFS loop, the I=Q modulator used here is identical. However, the RF clock frequency is 30 GHz which is doubled for 15-GHz subcarriers frequency spacing. One EDFA is used here for compensation the losses, and the output power is also 23 dBm. The NF for EDFA in our experiments is around 5.0 dB. All the optical couplers used here are polarization maintain (PM-OC) with identical coupling ratio of 50 : 50 and insertion loss. Fig. 10(a) shows the optical spectrum of double-carrier source with 0.36-nm carrier spacing which is 45 GHz. It is worth noting that 45-GHz frequency spacing has the same performance with 15-GHz spacing, when the shifting frequency is 30 GHz. Fig. 10(b) shows the results of generated subcarriers with 30-GHz double-frequency shifting after I=Q modulator when the loop is open. The doublecarrier source and the generated subcarriers are marked out. In this way, double subcarriers are generated by MFS-SSB modulation each time. Fig. 11(a) shows the multicarrier generated by RFS loop based on MFS-SSB modulation with double-frequency shifting and double ECLs. We can see that, more than 95 frequency-locked subcarriers with 15-GHz frequency spacing are generated from 1553.63 to 1565.07 nm with TNR larger than 25.3 dB. More subcarriers with improved TNR performance are generated compared with regular SFS-SSB scheme as shown in Fig. 8(b) . The total subcarriers cover more than 11 nm. The detailed optical spectrum of subcarriers from 1557 to1559 nm is illustrated in Fig. 11(b) . We can see that, the subcarriers are with good shape and frequency-locked with 15-GHz carrier spacing. The resolution of all optical spectra in Fig. 10 is 0.01 nm. For the EDFA we used in experiment, the gain spectrum of gain profile is not flat. Thus, the generated subcarriers are not so flat with power difference. However, although the spectrum is not so flat, the output results are stable. By choosing a better EDFA with flat gain profile, we can obtain better results with flat spectrum.
Multicarrier Generation Based on MFS-SSB Modulation With Double ECLs
Multicarrier Generation Based On MFS-SSB Modulation With Single Source
For MFS-SSB scheme with single source in Fig. 12 , double-carrier source is generated from the same laser by carrier suppression. The CW source used for double-carrier source generation is identical, which is modulated by an intensity modulator (IM) driven by sinusoidal RF signal at 22.5 GHz and appropriately biased at null point for carrier suppression. One polarization-maintaining tunable optical filter (PM-TOF) is used after the IM to select the double subcarriers as the doublecarrier seed source and avoid the interference from the high order subcarriers. In this way, the double-carrier source is with carrier spacing of 45 GHz. The power of seed source after EDFA1 is 14 dBm before being injected into the loop. The I=Q modulator used here is identical. The RF clock frequency is 30 GHz which is doubled for 15-GHz subcarrier frequency spacing to obtain MFS-SSB modulation. The output power of EDFA2 is also 23 dBm. Fig. 13(a)-(c) shows the optical spectrum of carrier suppression after IM, PM-TOF with selected double subcarriers and I=Q modulator with double-frequency shifting SSB modulation for proposed MFS-SSB scheme, respectively. The two selected subcarriers are marked out, and the double carriers also have a frequency spacing of 45 GHz. After the IM with carrier suppression, several high orders of harmonic subcarriers are generated at the same time as shown in Fig. 13(a) . In order to avoid the crosstalk and interference from the high order subcarriers, we filter out the selected double carriers as shown in Fig. 13(b) . However, some undesired subcarriers still exist with small power. Here, 45-GHz frequency spacing has the same performance as 15-GHz spacing, when the shifting frequency is 30 GHz. Subcarriers generated is also with 15-GHz frequency spacing. We can see that, double subcarriers are generated by MFS-SSB modulation each time with good frequency shifting performance. Fig. 14(a) shows the multicarrier generated by RFS loop based on MFS-SSB modulation. We can see that, more than 95 frequency-locked subcarriers with 15-GHz frequency spacing are generated with TNR larger than 23.3 dB from 1553.81 to 1565.26 nm. Power fluctuation is caused by the nonflatness of the EDFA gain spectrum. Compared with regular SFS-SSB scheme, more subcarriers with improved TNR performance are also generated as shown in Fig. 8(b) . The total subcarriers cover more than 11 nm. Fig. 14(b) shows the detailed optical spectrum of subcarriers from 1557 to1559 nm. We can see that, the subcarriers are with good shape and frequency-locked with 15-GHz carrier spacing. The resolution of all optical spectra in Fig. 14 is also 0.01 nm. Compared with results in Fig. 11 , double-carrier from two independent ECLs shows better performance due to the lower noise source. The carrier suppression process by intensity modulation after IM causes the additional TNR penalty. Also, another EDFA (EDFA1 in Fig. 12 ) is used with additional ASE noise. It is worth noting that the stability of DC bias is very important for carrier suppression. For long term stability in practice use, a bias controller with feedback is required for stable output. Fig. 15 shows the measured TNR of each subcarrier varying with the number of subcarriers from 1 to 95 for the regular SFS-SSB scheme, MFS-SSB scheme with double ECLs, and MFS-SSB scheme with single ECL. The noise bandwidth is 0.01 nm. It is worth noting that the TNR is measured per subcarrier following the pattern as that in Fig. 8, Fig. 11, and Fig. 14 . The number of subcarriers is also related to the round trip times. In order to show the final output and keep the experiment condition identical, the filter bandwidth of TOF is not changed during the measurement. We can see that TNR decreases for all the three schemes due to the ASE noise accumulation; however, both MFS-SSB schemes perform better than regular SFS-SSB scheme. More subcarriers with larger TNR can be obtained for MFS-SSB schemes. TNR decreases to about 20 dB when the number of subcarriers increases to 50, and TNR is less than 16 dB for the 95th subcarrier. However, the TNR is still larger than 23 dB and 25 dB for the 95th subcarrier generated by RFS loop based on MFS-SSB schemes. In this way, 8-dB and 10-dB improvement can be obtained for MFS-SSC scheme with single ECL and double ECLs, respectively.
Due to the additional TNR penalty caused by carrier suppression process by intensity modulation after IM, double-carrier from two independent ECLs shows best performance. Also, for subcarriers from 1 to 5, the MSF-SSB scheme with single ECL shows more than 1 dB TNR drop compared with the other two schemes as marked in Fig. 15 . It is worth noting that due to the nonflatness of the subcarriers generated by SFS-SSB larger than 1560.55 nm at 57, the improvement of TNR for the 95th subcarrier is not so precise. However, the feasibility of multicarrier generation based on MFS-SSB is demonstrated. It is believed that, more subcarriers with better TNR performance can be generated with more carriers seed source. However, it means more times frequency RF driven signal is required to drive the I=Q modulator. Thus, there is a tradeoff between the TNR performance and the complexity of the scheme.
Conclusion
We propose and experimentally demonstrate a novel scheme to generate optical multicarrier by using RFS loop based on MFS-SSB modulation with improved TNR performances. The doublefrequency shifting SSB modulation is carried out for demonstration in our experiments with doublecarrier source from both single ECL and double ECLs. Using this scheme, we successfully generate more than 95 frequency-locked subcarriers with 15-GHz frequency spacing and TNR larger than 25.3 dB and 23.3 dB, respectively. Compared with the results of regular SFS-SSB scheme, more subcarriers with improved TNR (10 dB and 8 dB for the 95th subcarrier) are obtained, which shows that this scheme has great potential in future Tb/s optical communications.
